Mechanical damage of maize kernel caused by external forces during processing is closely related to its internal mechanical properties. In this research, three main tissues' (horny endosperm, floury endosperm and germ) mechanical properties of three maize varieties (Jinyu818, Zhengdan958 and Dafeng30) and five stages of moisture contents (11.78-34.73% w.b.) were evaluated using puncture test. Results showed that there was no (p > .05) or weak significant (0.01 < p < .05) difference between varieties, while significant moisture and tissue material effects were observed. For rupture force (F rp ), ultimate strength (σ b ), toughness (T rp ), initial firmness (F inf ), average firmness (F avf ), modulus of elastic (E), apparent modulus of elastic (AME), bioyeiled force (F by ), bioyeiled strength (σ s ) and penetration force (F p ), outer layer tissue (horny endosperm) of maize kernel at lower stage of moisture contents were higher than those of inner layer tissues (floury endosperm and germ) at higher moisture contents. While for bioyeiled deformation (D by ) and rupture deformation (D rp ) values, results showed that inner layer tissues at with higher moisture content were the highest. Pearson's correlation analysis showed that most of the parameters had a significant correlation (p < .01, r > 0.80) with each other. This study can be considered as a contribution towards further studying and minimizing the mechanical damage of the maize kernel when applying external force during and post harvesting.
Introduction
Maize (Corn, Zea mays L.) is widely grown in more than 160 countries nowadays, its flavor and nutrition make it utilized in making various dietary foods. To satisfy the enormous demands of maize, the design and development of equipment for mechanical harvesting, packaging and transport have received increasing attention. However, grain kernels with distinct internal structures are very susceptible to mechanical damage during these handling processes. [1] [2] [3] A high percentage of damaged kernel not only result in considerable amounts of brokens and fines, but also reduce the market value of maize due to likely insect and microbial attack. [4] Therefore, further understanding and minimizing mechanical damage have become extremely important issues. Application of high precision engineering technologies, such as multi-body modeling, internal damage simulation, and postharvest quality evaluation regarded the internal tissues have attracted more intentions. Evaluating the mechanical properties of maize kernel tissues is essential during applying these methods. [5] However, there is still a clear knowledge gap between mechanical properties of maize kernel tissues and urgently needed parameters of the technological applications.
Different kinds of methods have been applied in evaluating the mechanical properties of agriculture products, but no standard method is available according to the published literature. [6] The most common method is flat-plate compression test carried out with a universal testing machine or a texture analyzer. Previous related studies are abundant, which can be summarized as (1) using the shaped sample which has uniform geometry, but the characteristics of the individual kernel are lost [7, 8] , (2) or testing the whole sample whose mechanical properties are not modified, but geometry is irregular, which has been applied in studying cereal grain [9, 10] and tomato. [11] Compression tests have also been carried out by many researchers on the whole maize kernel for evaluating the mechanical parameters such as break force and modulus of elastic. [12] However, compression test provides a method to evaluate the mechanical properties of whole samples, so it is not suitable for determining the mechanical properties of maize kernel tissues. Puncture test is an alternative method for measuring the mechanical properties of agriculture products especially pony-size ones. It has been applied in determining the mechanical properties of various agriculture products, including gram [13] , cherry [14] , tomato [15] and et al. Mechanical properties of maize kernel were also determined using puncture test by some researchers. [16, 17] However, as mentioned above, previous studies are mainly concerned on the whole maize kernel or horny endosperm only.
Actually, according to the anatomical characteristics of the maize kernel, it can be considered as a multibody system mainly consisting of horny endosperm, floury endosperm and germ (approximate 94% of the kernel composition), which have totally different mechanical properties and geometric shapes [18] , they react differently to the application of external forces. However, according to the aforementioned studies, little information in details is available on the mechanical parameters of these tissues. Additionally, only a few parameters such as rupture force and break energy of the whole kernel were evaluated in these researches. As a matter of fact, many of other critical parameters can be obtained during a puncture test, some of which have been proved to have a closer correlation with internal damage (i.e. bioyield force and ultimate stress). [11, 19] Furthermore, moisture content and variety have been proved to be critical factors that significantly affect the mechanical properties of whole maize kernel. [9] Nevertheless, little concerning is given to that of kernel tissues with different moisture contents and varieties.
To solve the above problems, the mechanical properties of maize kernel tissues should be further determined. Additionally, the relationship between the mechanical properties of maize kernel tissues and its varieties and moisture contents need to be found. Therefore, the objective of this paper is to (1) determine the mechanical properties of three maize kernels' tissues (horny endosperm, floury endosperm and germ) of three varieties differ from horny endosperm content, (2) determine the three tissues' mechanical properties under different moisture content (3) and analysis the effected of maize variety, tissue material and moisture content on tissues' mechanical properties. To further provide essential data for further researching and minimizing the mechanical damage of the maize kernel.
Materials and methods

Materials
The experiments were conducted using three varieties of maize kernel namely Jinyu818 (flint corn), Zhengdan958 (middle type corn) and Dafeng30 (dent corn), which are normally cultivated in China. Dafeng30 has the lowest ratio of horny endosperm to floury endosperm, while Jinyu818 has the highest of that and Zhengdan958 is in-between. Jinyu818, Zhengdan958, and Dafeng30 kernel samples were harvested and shelled manually in August 2016 from Guiyang, Guizhou province, Jinan, Shandong province and Handan, Hebei province, China, respectively. Subsequently, kernels were packed in plastic bags by variety (three branches) and transported to the laboratory. Then, every branch of kernels was selected on the basis of uniformity, examined individually for stress cracks using a candling technique similar to that described by Singh et al. [12] , absence of damage and blemishes. After that, each branch was randomly and equally divided into five groups (approximately 100 g per group) and packed in plastic bags retained for moisture conditioning and subsequent testing.
The initial moisture content of the maize kernel samples was determined using the oven method according to standard protocols (GB 5009. , the initial moisture content was about 27% (wet basis). Branches with the moisture content of 29.31 and 34.73% were conditioned by adding calculated amounts of distilled water according to the procedure reported by Seifi et al. [20] While moisture contents of 11.78, 17.64 and 23.45% were obtained by drying the samples at different times (at 40°C) to minimize the drying damage. [21] Samples were then transferred to separate double layered ziplock bags and tightly sealed, allowed to reach equilibrium by storing at 4℃ in a refrigerator (Haier Co., Qingdao, China) for 1 week.
Methods
Instrument system and experimental procedure
The puncture test on every specimen was performed under laboratory conditions, followed by Blandino et al. [22] As shown in Figure 1a , the measurements were made using an Instron universal testing machine (Instron Instrument Trade Co., Ltd., Shanghai, China) equipped with a 1 mm diameter flat-head stainless steel cylindrical probe, which was fixed by three-jaw chuck and attached to a load cell. The average values of the temperature and relative humidity of the laboratory where the tests were carried out were 25 ± 2°C and 50% ± 10%, respectively.
The experimental procedure was as follows: First, the conditioned individual kernel was polished along the mid-longitudinal face with a sharp razor blade to expose the horny endosperm, floury endosperm and germ with smooth surface [22] ; Then, it was glued on the base plate; After that, the probe was pressed into the kernel tissue at a penetration speed of 1 mm/min (quasi-static loading) over a depth of 1.25 mm based on our trial tests; Finally, the force-deformation curve (Figure 1b ) displayed on the screen and the data was recorded. The sample was abandoned after the test for a certain tissue is down, 25 specimens (replications) were taken for every tissue and the mean value was reported.
Analytical methods of mechanical parameters
A large number of data can be obtained during the puncture test, but not all of them can be used for analysis, therefore, extraction and calculation of the data is necessary. Some of the parameters can be obtained through extraction and simple calculation of the key points on the curve shown in Figure 1b , including initial hardness, bioyeiled force, bioyeiled deformation, rupture deformation, rupture force, average hardness, toughness and penetration force in the tissue (Figure 1b and Table 1 ). However, other parameters have to be obtained through stress analysis and calculation combined with the direct parameters, such as modulus of elastic, bioyield strength and ultimate strength. The apparent modulus of elasticity (AME) was calculated according to Boussinesq theory [11, 19, 23] , in which the relationship between force F, deformation D, apparent modulus of elastic AME and the diameter of the probe d was given as follows:
And the following relationship was also given:
where E is Young's modulus of elastic, µ is Poisson's ratio, because the difficulty of determining the Poisson's ratio of maize kernel' tissues, in this study, Poisson's ratio was assigned 0.35 according to the published studies. [24, 25] The bioyield strength and ultimate strength in the puncture case are calculated according to Boussinesq theory and published studies [15] , which were given as formula (3) and formula (4), respectively. A list of symbols and abbreviations is given in Table 1 .
where F by and F rp are bioyeiled force and rupture force, respectively, σ s and σ b are bioyieled strength and ultimate strength, respectively, the negative sign indicates different directions between σ and F.
Scanning electron microscope (SEM)
The upper face of maize kernel horny endosperm, floury endosperm and germ specimens were scanned using a Hitachi SU-8010 scanning electron microscope. The kernels were polished to expose the mid-longitudinal face for the electron microscopy sections.
Experiment design and statistical analyses
To evaluate the mechanical properties of maize kernel' tissues, a completely randomized experimental design with three factors was used. The factors evaluated were maize varieties (Jinyu818, Zhengdan958 and Dafeng30), tissue material (horny endosperm, floury endosperm and germ) and moisture content (11.78-34.73%). Analysis of variance (ANOVA) was performed on the data gathered from the different evaluations with a 95% level of significance. Pearson's correlations Bioyeiled deformation (deformation at the bioyeiled point) F inf (N/mm) Initial firmness (measured at the deformation of 0.015mm)
F avf (N/mm) Average firmness (measured at the rupture point)
Penetration force (the average of measured forces at every 1 mm depth up to 1.25 mm depth after the rupture point)
were performed, and they were significant and highly significant if p < .05 and p < .01, respectively. The statistical analysis was performed with Matlab software, version 2010a (MathWorks, Inc., Natick, MA).
Results
Mechanical properties of tissues of different varieties
Previous studies indicated that the mechanical properties of whole maize kernel are significantly different from varieties. In this experimentation, mechanical properties of three portions (horny endosperm, floury endosperm and germ) in three varieties which were different form horny endosperm to floury endosperm ratio were determined using puncture test.
The means and standard errors from 25 repeats of mechanical parameters of Zhengdan958, Jinyu818 and Dafeng30 maize kernel horny endosperm, floury endosperm and germ tissues obtained by the puncture test are shown in Figure 2 . Rupture force and rupture deformation measured the breaking thresholds of the tissues when sustaining the external force, which indicated that the ability to resist damage. As can be observed from Figure 2a and b, horny endosperm had a higher rupture force (64.44, 71.11 and 73.95 N for Dafeng30, Jinyu818 and Zhengdan958, respectively) but lower rupture deformation (0.44, 0.41 and 0.41 mm for Jinyu818 and Zhengdan958, respectively) than that of floury endosperm (49.36 N, 60.11 mm and 27.38 N, 0.52, 0.66 and 0.44 mm for Dafeng30, Jinyu818 and Zhengdan958, respectively), furthermore, as the reproductive part of a maize kernel, germ had little ability to resist external forces (6.35, 6.34 and 9.51 N for Dafeng30, Jinyu818 and Zhengdan958, respectively) but strongest ability to deformation (0.56, 0.69 and 0.54 N for Dafeng30, Jinyu818 and Zhengdan958, respectively). The toughness defined as the energy required to crack of the tissue, corresponded to the rupture force and rupture deformation, while ultimate strength expressed the maximum stress that maize kernel tissue can withstand when sustaining external force ignorance the effect of the contact area. As shown in Figure 2c and 11 .11MPa for Dafeng30, Jinyu818 and Zhengdan958, respectively), indicated that horny endosperm was significantly more difficult to crack than floury endosperm and germ, further indicated that the maize kernel which has a higher proportion of horny endosperm (flint kernel) exhibited higher crack resistance.
Similar trends can be found on the bioyield parameters including bioyeiled force (Figure 2i ), bioyeiled deformation (Figure 2j ) and bioyeiled strength (Figure 2k ), which were the parameters indicate the thresholds of initial rupture in the center of the material. [26] As shown in Figure 2i , the significantly lower bioyeiled strength of floury endosperm (approximate 70% of horny endosperm) and germ (approximate 10% of horny endosperm) indicated that the maize kernel with a higher proportion of horny endosperm was more prone to internal cracks. Results on germ in Figure 2i k also indicated that germ was the most sensitive to internal cracks, agreed on the fact that damaged maize kernel has a poor germination rate. [1] In addition, as shown in Figure 2g and h, modulus of elastic and apparent modulus of elastic, which were the most important parameters measured the stiffness of the testing tissues, were also observed the similar results. Indicated that the horny endosperm has a higher resistance to deformation compared with floury endosperm and germ in the elastic stage. However, there was little resistance to deformation when germ sustains the external force. Firmness, which characterized the resistance to deformation under a load up to the point of sudden fracture when contact with processing equipment. As shown in Figure 2e and f, the initial firmness and average firmness of horny endosperm were significantly higher than those of floury endosperm and germ in three varieties. The penetration force (Figure 2l ) at the horny endosperm was higher than that of floury endosperm and germ. This indicated that cracks caused by external force propagated more easily in floury endosperm and germ.
Many similar results can be found by examining the previous literature. Singh et al. (1991) reported the individual flint and dent kernels' modulus of elastic at moisture content of 17% are approximate 175, 130 MPa, respectively, which were higher than those of floury endosperm and germ but slightly lower than horny endosperm obtained from our study, may explained as that the mechanical properties of a whole kernel is a joint action of all tissues but the major contributor was the outer layer (horny endosperm). Furthermore, the ultimate strength was determined as about 38, 28 MPa for individual flint kernel and dent kernels, which is slightly lower than those of floury endosperm in this study, the reason may be that the connections among tissues more likely to break down. Shelef et al. (1969) carried out a puncture test on maize horny endosperm using a 0.41 mm diameter probe, the apparent modulus of elastic of was evaluated as 489 MPa at the moisture content of 14.38%. Other related literature such as reported by Massimo et al. [22] , in which mechanical properties of individual maize kernels was evaluated using puncture test with a 2 mm diameter flat-head probe, rupture force was reported as 215 N at moisture content of 10.20%, the higher value could be explained by its lower moisture content, larger probe diameter and puncture location (pericarp).
Statistical analysis shown in Figure 2 revealed that most evaluated parameters was not significantly (p > .05) or weak significant (0.01 < p < .05) influenced by varieties but significant (p < .01) different from tissue materials. In order to illustrate more clearly, ANOVA results of the rupture force and modulus of elastic are presented in Table 2 . The left side of the line in Table 2 are comparisons between same tissues of same or different varieties, from which no significant difference (p > .05) of weak significant difference (0.01 < p < .05) were observed. However, on the right side of the line where significance levels of different tissues form the same or different varieties were compared, the results showed that modulus of elastic values are significantly different from tissue materials. In other words, varieties or has no or weak significant effect on the modulus of elastic of Table 2 . P values for the modulus of elastic (E) of maize kernel tissues from different varieties. NS is non-significant.
* is significant at the 0.05 level (1-tailed). ** is significant at the 0.01 level (2-tailed).
the tissues within our experimental range. Combining the contrary results were given by previous studies on mechanical properties of the individual kernel [12] , which are significantly affected by their varieties, which may indicating that the differences in mechanical properties of the whole maize kernel are not caused by the differences of its tissues material, but caused by their proportion.
Since there were no significant differences among different varieties for most mechanical parameters, we can assume that sample acquisition and manipulation were carried out in a repeatable way and had no influence on the observations. Therefore, further analysis and discussion on the mechanical behavior of different moisture content were investigated by using only the Zhengdan958 (middle type).
Mechanical properties of tissues with different moisture contents
The rupture force, rupture deformation, ultimate strength, toughness, initial firmness, average firmness, modulus of elastic, apparent modulus of elastic, bioyeiled force, bioyeiled deformation, bioyeiled strength and penetration force of the horny endosperm, floury endosperm and germ as a function of moisture content ranging from 11.78 to 34.73% w.b. are presented in Figure 3 . The above-mentioned parameters varied significantly (p < .01) between tissue materials and moisture contents. Figure 3a shows that rupture force decreased approximately 70% (from 99.83 to 34.78N, 42.22 to 11.14N, 15.25 to 3.76N for horny endosperm, floury endosperm and germ, respectively) as moisture content increased from 11.78 to 34.73%, and horny endosperm was slightly higher than that of germ (approximately 3 times) and floury endosperm (approximately 7.5 times) in rupture force within the experimental range. This indicated that smaller force was necessary to rupture the floury endosperm and germ at higher moisture stages. As can be observed from Figure 3i (Figure 3j , from 0.19 to 0.429 mm, 0.18 to 0.35 mm and 0.26 to 0.45 mm for horny endosperm, floury endosperm and germ, respectively) increased as the moisture content increased for tissues, less deformation was needed for horny endosperm than for floury endosperm (approximately 90%) and germ (approximately 70%). Which indicated that maize tissues with lower moisture content had higher hardness and therefore had higher resistance to deformation and capacity to bear the load.
Up to now, relatively little information is available on the effect of moisture content on mechanical properties of maize kernel horny endosperm, floury endosperm and germ, so it is difficult to make comparisons. There are some papers as related to the effects of moisture content on mechanical properties of whole maize kernel. Shelef et al. [25] reported the apparent modulus of elastic of individual maize kernel ranged from 889 to 165 MPa as moisture content increased from 0.73 to 21.88%. Results conducted by Singh et al. [12] showed that the observed values of ultimate strength, modulus of elasticity, modulus of toughness decreased and ranged from 8-82 MPa, 8-44 mJ, respectively as the moisture content increased from 6 to 34%. Also, There are some papers related to moisture content and mechanical properties of other cereal grains. Yang et al. [27] showed that the rupture force, toughness, apparent modulus of elastic and modulus of elastic decreased as the moisture content increased. Gezer et al. [28] and Aydin [29] have reported that the rupture force of hazelnut decreased with increase in moisture content.
Pearson's correlation analysis
The Pearson's correlation coefficients (r) between parameters of the testing tissues obtained from the puncture test are summarized in Table 3 to understand their relationships. Most of the parameters were correlated with each other, as has been concluded by other researchers. [11] Rupture force was most highly correlated with ultimate strength (r = 0.978), satisfied the mathematical relationship between rupture force, probe diameter and ultimate strength in Eq. (10) , where the ultimate strength was mainly influenced by rupture force when the probe diameter was constant. A strong relationship was also found between rupture force and most of the other parameters, indicated that it could be used as a representative parameter for mechanical properties. However, weak correlations were presented between rupture force and rupture deformation (r = −0.281), bioyield deformation (r = −0.342), similar trend was also found between bioyeiled force and rupture deformation (r = −0.285), bioyield deformation (r = −0.341). Similar results have been reported by Sirisomboon et al. [11] These indicated that force thresholds and deformation thresholds are nearly independent parameters. Among the parameters from the puncture test, the rupture deformation had the highest correlation with bioyeiled deformation (r = 0.581) and was followed by initial firmness and average firmness (r = 0.465). The ultimate strength of the testing tissue was found correlated significantly with bioyeiled strength (r = 0.918), indicated that the susceptibility to breakage increased as the stress cracks appear in the kernel. Toughness did not correlate with deformation at the rupture point and deformation at the bioyield point but correlated well with the rupture force and the bioyield force. Initial firmness was found correlated well with modulus of elastic and apparent modulus of elastic (r = 0.7904), followed by bioyeiled force (r = 0.649) and bioyeiled strength (r = 0.648), these results may be explained as that initial firmness, modulus of elastic, apparent modulus of elastic, bioyeiled parameters represent the relationship between the force and deformation of the tissues in the maize kernel under the small strain in elastic stage, indicated that all of the above parameters represents the elastic properties. Furthermore, modulus of elastic and apparent modulus of elastic correlated well with bioyeiled force (r = 0.806), bioyeiled strength (r = 0.7904), satisfied their relationships in mathematics that presented at Eq. (9), indicated that the material of the tissues of maize kernel shows elasticity property before yielding. The penetration force of the tissues and the ultimate strength correlated best (r = 0.789), followed by rupture force (r = 0.782), bioyeiled strength (r = 0.754) and toughness (r = 0.713), all these parameters were the thresholds for different degrees of damage, indicated that penetration force may represent the thresholds that the external force could continues to damage the tissues.
Discussion
Effect of tissue material on mechanical properties
Comparing the mechanical properties of maize kernel horny endosperm, floury endosperm and germ, the rupture force, ultimate strength, toughness, initial firmness, average firmness, modulus of elastic, apparent modulus of elastic, bioyeiled force, bioyeiled strength, and penetration force of horny endosperm were higher than those of floury endosperm and germ tissues within the experimental range. While the bioyeiled deformation and rupture deformation of germ and floury endosperm were higher than those of horny endosperm. This phenomenon could be explained by the differences among their structures and compositions. Morphology of maize kernel tissues was shown in Figure 4 , for both species, as can be observed from Figure 4a , the horny endosperm cells are more sharply polyhedral and larger than the floury endosperm cells and germ cells, the surfaces of the starch granules are angled because they are closely packed, the arrangement of cells is compact and dense. On the contrary, as shown in Figure 4b and c, the typical shape of the cells of the floury endosperm are approximately polyhedral in shape and filled with spherical starch granules, sparse and loose cells arrangement can be observed in germ tissues. Besides, previous studies have indicated that the molecules in the protein film in the maize kernel endosperm are preferentially oriented [30] , powerful intermolecular binding forces were expected due to this special structural arrangement in protein. The ratio of starch to protein has been reported to be 11:1 in floury endosperm and 6:1 in the horny endosperm. [11] Furthermore, cracks which developed in the floury endosperm act as notches for the horny endosperm. Therefore, less applied force was needed to break inner tissue (germ and floury endosperm) of the kernel than outer tissue (horny endosperm), and the corresponding mechanical parameter of inner tissue was lower than that of outer tissue. Blandino et al. [22] reported the rupture force and toughness of individual kernel with pericarp tissue is even higher than those of horny endosperm in their study, furthermore, Gunasekaran et al. [31] reported that cracks firstly originate at the center of the kernel and propagate radially outward when suffered thermal stress. Moreover, similar characteristics were also observed in many other agricultural products such as tomato fruit [32] , cherry [19] and hazelnut. [33] Effect of kernel varieties on its mechanical properties
In this study, the mechanical parameters of maize kernel tissues, including rupture force, rupture deformation, ultimate strength, toughness, initial firmness, average firmness, modulus of elastic, apparent modulus of elastic, bioyeiled force, bioyeiled deformation, bioyeiled strength and penetration force, no significant or weak significant differences in the above mentioned parameters were observed in three varieties (Jinyu818, Zhengdan958 and Dafeng30) within our experimental range. Interestingly, these results were entirely different from those reported by Li et al. [8] , who tested the mechanical properties of tomato fruit tissues (exocarp, mesocarp and locular gel tissues) but significant difference between two varieties (Fenguan906 and Jinguang28) was observed, while were very similar to studies published by Güner et al. [34] , who have evaluated the rupture deformation and rupture force of hazelnut kernel, concluded that variety has no significant effect on kernel and shell's mechanical properties. This may be explained by the different failure forms between kernel tissue material and fruit tissue material. The failure of fruit tissue under compression loading occurred mainly due to the cell wall rupture caused by great compression force. [18] However, as shown in Figure 5 , the stress crack of maize kernel tissues did not occur across the cell walls, but along the boundary of starch granules by the breakdown of middle connection of the granules in an unpredictable manner. Moreover, analysis of variance statistics in the previous study has indicated that the above-mentioned stress crack characteristics were independent of the kernel variety at 95% level of significance. [31] Therefore, maize kernel tissue ruptured in a different way compared with fruit tissues, and variety had no or weak significant effect on its mechanical parameters within our experimental range. From this, we may conclude that the differences in mechanical properties for the individual maize kernel were not caused by the mechanical differences of its tissues, but caused by tissues proportions.
Effect of moisture content on its mechanical properties
As can be seen from the obtained mechanical properties of maize kernel tissues at different moisture content levels, the parameters involved in this study decreased heavily as the moisture content increased except for bioyeiled deformation and rupture deformation. Indicated that the mechanical behavior of kernel tissue was strongly dependent on its moisture content. This phenomenon may be explained as that when moisture content increased, water molecules entered the polymeric chain units, which were close to each other, the chains were forced to rearrange their relative positions, resulted in mechanical properties variation of the tissue. In addition, the friction coefficient decreased with an increase in water content [35] , also, crack initiation and propagation would be affected by the levels of moisture present in the system. Consequently, the resistance to deformation and crack decreased with an increase in moisture content of the kernel. The same trend on mechanical properties of many cereal grains and fruits have been reported on wheat [9] , cashew nut [36] and individual maize kernel.
[12] 
Conclusion
In this research, the mechanical properties of maize kernel horny endosperm, floury endosperm and germ tissues of three varieties and five different stages of moisture content were determined using puncture test respectively. The main results can be summarized as follows. The variety had no significant or weak significant effect on the mechanical parameters of horny endosperm, floury endosperm and germ. The higher rupture force, ultimate strength, toughness, initial firmness, average firmness, modulus of elastic, apparent modulus of elastic, bioyeiled force, bioyeiled strength and penetration force values were obtained for outer layer tissue (horny endosperm) of maize kernel compared with inner layer tissues (floury endosperm and germ), while for bioyeiled deformation and rupture deformation values were obtained as higher at inner layer than outer layer. The mechanical parameters of horny endosperm, floury endosperm and germ obtained at five moisture stages were significantly different. Rupture force, ultimate strength, toughness, initial firmness, average firmness, modulus of elastic, apparent modulus of elastic, bioyeiled force, bioyeiled strength and penetration force decreased heavily as the moisture content increased but bioyeiled deformation and rupture deformation was on the contrary. The Pearson's correlation analysis showed that most of the parameters were significantly correlated with each other. The maize kernel can be regarded as a multibody system, and the obtained mechanical parameters and thresholds of maize kernel horny endosperm, floury endosperm and germ tissues can be used for further studying and minimizing the mechanical damage. Additionally, the obtained data can also be used for a better understanding of mechanical properties of maize kernel as a multibody system.
